Phosphorylation and sulfation are two important biological modifications present in carbohydrates, proteins, and glycoproteins. Typically, sulfation and phosphorylation cause different biological responses, so differentiating these two functional groups is important for understanding structure/function relationships in proteins, carbohydrates, and metabolites. Since phosphorylated and sulfated compounds are isobaric, their discrimination is not possible in routinely utilized mass spectrometers. Thus, a novel mass spectrometric method to distinguish them has been developed. Herein, we utilize basic peptides as ion-pairing reagents to complex to phosphorylated and sulfated carbohydrates via noncovalent interactions. By performing ESI-MS/MS on the ion-pair complexes, the isobaric compounds can be distinguished. This is the first study demonstrating that ion-pairing can be used for the detection of phosphorylated compounds and the first study to use ion-pairing in conjunction with MS/MS to obtain structural information about the analytes. ( [2] [3] [4] . They are also involved in glycolysis processes in the extracellular matrix [7, 8] . Sulfation effects protein recognition and helps facilitate clearance of proteins and metabolites from the body [9 -14]. Specifically, sulfated carbohydrates represent a class of biologically active and pharmaceutically important molecules [10] . They are essential in neuropathology and are used as therapeutic agents [9] . Because phosphorylation and sulfation have been linked to different biological functions, differentiating these structures is essential for understanding structure/function relationships in proteins, carbohydrates, and metabolites.
P hosphorylation and sulfation are functionally significant biological modifications commonly found in metabolites, carbohydrates, proteins, and glycoproteins. Phosphorylation is linked to signal transduction, gene expression, cell cycle, cytoskeletal regulation, and apoptosis [1] [2] [3] [4] [5] [6] [7] [8] . In particular, phosphorylated carbohydrates are integral components of nucleic acids [1, 5] , oligosaccharides [1, 5] , glycopeptides [2] [3] [4] 6] , and glycoproteins [2] [3] [4] . They are also involved in glycolysis processes in the extracellular matrix [7, 8] . Sulfation effects protein recognition and helps facilitate clearance of proteins and metabolites from the body [9 -14] . Specifically, sulfated carbohydrates represent a class of biologically active and pharmaceutically important molecules [10] . They are essential in neuropathology and are used as therapeutic agents [9] . Because phosphorylation and sulfation have been linked to different biological functions, differentiating these structures is essential for understanding structure/function relationships in proteins, carbohydrates, and metabolites.
Numerous studies [1-4, 6, 7, 9 -18] have been utilized to characterize phosphorylation and sulfation. These methods indicate that selective and sensitive detection of phosphorylated and sulfated compounds in complex matrices is paramount. Radiolabeling [3, 6, [11] [12] [13] [14] is one of the commonly used methods to identify phosphorylated and sulfated carbohydrates with good specificity. While this method is hazardous and time-consuming, phosphorylated or sulfated species can be selectively discriminated in the presence of many other compounds in the matrix, using radiolabeling.
Mass spectrometry, which is highly selective and sensitive, could possibly provide information about phosphorylation and sulfation without the need for radiolabeling [3, [15] [16] [17] . Recent MS experiments to identify phosphorylated compounds include exact mass differentiation [2] and discrimination using ionmolecule reactions [1] by using Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS). While these two methods are useful in differentiating the presence of phosphorylated and sulfated compounds, only a few groups have access to these sophisticated instruments. Thus, developing the mass spectrometric methods on more readily available instruments will benefit investigators who are interested in this field.
Herein, we utilize basic peptides [9, 19 -23] as ionpairing reagents to complex to phosphorylated or sulfated carbohydrates via noncovalent interactions [9, 19 -23] and perform MS/MS experiments on each complex to obtain the structural information. This is the same ion-pairing technique employed in MALDI and ESI that is used to enhance the signal of sulfated carbohydrates [19, 20] . Since both phosphate and sulfate are highly acidic compounds with different proton affinities, differences in their chemical reactivities with the ion-pairing reagents may be used to distinguish their structures by MS/MS experiments. This is the first study to illustrate that ion-pairing can be used in conjunction with MS/MS to differentiate isobaric phosphorylated and sulfated compounds. In addition to its application to simple carbohydrates, this method is also potentially applicable in identifying phosphorylation and sulfation in glycosaminoglycans and glycoproteins in biological samples.
This work complements other mass spectrometric studies that have discriminated phosphorylation from sulfation using FTICR-MS [1, 2] , and most recently MALDI-MS, in which the differentiation was accomplished by monitoring the differences in the ionization behavior between the two functional groups [24] . In addition to discriminating these isobars, ion pairing has the added advantage of simultaneously enhancing the mass spectral signal of these acidic groups, even when they are present in complex mixtures of other compounds [20] .
Experimental

Chemicals and Materials
All of the phosphorylated and sulfated monosaccharides and peptides were purchased from SigmaAldrich (St. Louis, MO), except the three basic peptides Arg-Arg-Arg (R3), Arg-Ser-Lys (RSK), and ArgGly-Lys (RGK). These three small peptides were synthesized at the University of Kansas Biological Research Service Laboratory using solid-phase peptide synthesis. All chemicals were used without further purification and all solvents were HPLC grade.
Sample Preparation
All of the compounds, including basic peptides, were dissolved in a minimal amount of HPLC grade water. Peptide stock solutions were further diluted with methanol:water (MeOH:H 2 O) mixture (1:1) containing 0.5% acetic acid, to a final concentration of 2 mM. All phosphorylated and sulfated monosaccharides were diluted to 1 mM. Before MS analysis, ion-pair complexes were formed by combining 5 L of basic peptide solution and 5 L of monosaccharides solution. The mixture was thoroughly mixed and 1 to 2 L were directly injected into the mass spectrometer.
Mass Spectrometry
A Surveyor MS-pump (Thermo, San Jose, CA) was used to deliver the mobile phase of MeOH:H 2 O (1:1) containing 0.5% acetic acid at a flow rate of 20 L/min. 1 to 2 L of samples were directly injected into mass spectrometer. All samples were analyzed on a ThermoFinnigan LCQ Advantage quadrupole ion trap mass spectrometer (ThermoFinnigan, San Jose, CA). Electrospray ionization in both positive and negative ion mode was achieved by using a spray voltage of ϳ4.0 kV. Nitrogen was used as a nebulizing gas, at a pressure of 20 psi. A capillary temperature of 200 -230°C was maintained. Ion-pairing experiments were performed in positive ion mode, and MS data of the native carbohydrates were recorded in negative ion mode.
Collision-induced dissociation (CID) was performed to obtain structural information. Specifically, doubly charged precursor ions were activated for 30 ms with 20% normalized collision energy. A q z value of 0.25 and an isolation width of 3 Da were used. The singly charged precursor ions were activated with 15% normalized collision energy.
Results and Discussion
MS Data for Isobaric Monosaccharides Without Ion-Pairing
To demonstrate the effectiveness of the ion-pairing technique in differentiating between phosphorylated and sulfated compounds, two sets of isobaric phosphorylated and sulfated monosaccharides were chosen as model compounds (Scheme 1).
In the first set of experiments, the fragmentation characteristics of the isobaric monosaccharides without ion-pairing were examined. MS/MS data revealed that the two sets of isobaric monosaccharides, glucose-6-phosphate (Glc6P)/glucose-6-sulfate (Glc6S), and N-acetyl-glucosamine-6-phosphate (GlcNAc6P)/ N-acetyl-glucosamine-6-sulfate (GlcNAc6S) produce identical MS/MS data (Figure 1a-d) . As a result, these 
Ion-Pairing for Sulfated and Phosphorylated Carbohydrates
To overcome this problem, ion-pairing [9, 19 -23] was employed for the analysis. Ten different basic peptides, Lys-Lys (K2), Lys-Lys-Lys (K3), Lys-Tyr-Lys (KYK), ArgSer-Lys (RSK), Arg-Gly-Lys (RGK), Arg-Arg-Arg (R3), Lys-Lys-Lys-Lys (K4), Arg-Lys-Arg-Ser-Arg-Lys-Glu (P1), Ser-Arg-Val-Ser-Arg-Arg-Ser-Arg (P2), Lys-Arg-Thr-LeuArg-Arg (P3), were evaluated for their potential to form ion-pairing complexes with the acidic carbohydrates and facilitate their discrimination in MS/MS experiments. These peptides were complexed with the isobaric carbohydrates in Scheme 1. Typical MS data of the carbohydrate and peptide ion-pairs depict the formation of abundant ion-pair complexes. An example of the carbohydrate: peptide complex between the phosphorylated carbohydrate, Glc6P, and the tripeptide, R3, is shown in Figure 2 . Since the basic side-chain of the peptide is easily protonated under the conditions used in this analysis, both doubly and singly charged ion-pair complexes are formed in the spectrum. This is the first example that demonstrates ion-pairing, which is typically used to facilitate MS detection of sulfated compounds [9, 20, 21] , can also be used for phosphorylated species. Structural information on each carbohydrate:peptide complex was obtained from MS/MS experiments. The data are presented in Table 1 and Table 2 . To determine which peptide could be used in the differentiation study, the fragmentation pattern of each singly and doubly charged ion-pair complex was compared. The most effective ion-pairing reagents were identified as those that could discriminate both sets of isobaric monosaccharides, in Scheme 1. A summary of all the MS/MS data is in Tables 1 and 2 . Peptides that produced unique product ions for one of the isobaric compounds were deemed "useful", because they could discriminate the isobars by MS/MS. Table 1 shows data for the singly charged complexes. Several peptides were ruled out as potentially useful ion-pairing candidates because their MS/MS data were identical for both sets of the isobaric carbohydrate: peptide ion-pairs. In fact, only the three peptides, R3, K3, and KYK, in Table 1 , could be used to differentiate all the isobars in this study. The same comparison was made for the doubly charged complexes in Table 2 . The peptides P1, P2, P3, and K3 in Table 2 were useful for discriminating the doubly charged isobaric complexes.
Combining the results from both tables indicate that K3 can be used to differentiate isobaric carbohydrates, in a charge-state independent fashion. The ion-pair complexes can have different charge states (singly and doubly charge) in ESI. Thus, it would be beneficial if this method could be used to discriminate the ion-pairs in both charge states. In addition, being able to differentiate the isobars using two different charge states is useful because it provides two methods of confirming the functional groups' assignment. To better understand why these isobaric complexes have different MS/MS data, the spectra for the phosphorylated and sulfated ion-pairs are compared.
Comparison of the MS/MS Data: Doubly Charged Complexes with K3
The MS/MS data of the doubly charged ion-pairs of glucose-6-phosphate [Glc6P ϩ K3 ϩ 2H] 2ϩ and glucose-6-sulfate [Glc6S ϩ K3 ϩ 2H] 2ϩ are shown in Figure 3a and b. The product ions of the ion-pair complex, [Glc6P ϩ K3 ϩ 2H] 2ϩ in Figure 3a include the singly charged K3 at m/z 403, the doubly charged K3 at m/z 202, and two ions corresponding to the water loss from the ion-pair complex, labeled as
2ϩ , respectively. Water loss is generally expected in the MS/MS data of carbohydrates because of the presence of many hydroxyl groups in the carbohydrate's structure [25, 26] . Two other singly charged ions at m/z 261 and 243 corresponding to the product ion, [Glc6P ϩ H] ϩ , and water loss from phosphorylated monosaccharide, respectively, were also observed.
In Figure 3a , an ion corresponding to the protonated monosaccharide ( 2ϩ . This indicates that the distribution of charges on the phosphorylated complex is different from that of the sulfated complex. The two protons on the phosphorylated complex are not exclusively located on the basic residue of the peptide. One of them can be transferred to the phosphate group of the carbohydrate. The difference in the charge distribution of the doubly charged sulfated and phosphorylated ion-pairs can be explained in terms of the proton affinities of the two functional groups. From the known pKa values of the sulfate (pKa ϭ 1.89) and the phosphate group (pKa ϭ 2.13) [27] , it can be deduced that the functional group with higher pKa has stronger proton affinity. Thus, the proton transfer from basic residue to the monophosphorylated residue is more facile, compared to the monosulfated carbohydrates.
Another difference in the dissociation between the sulfated and phosphorylated complexes is the product ion [K3 ϩ SO 3 ϩ 2H] 2ϩ at m/z 242, which appears in Figure 3b , but not in Figure 3a . This ion formed by bond cleavage between the carbohydrate and the SO 3 group. The formation of this ion is likely due to stronger noncovalent interactions between the peptide and the sulfate group. Since the sulfate group has lower pKa than the phosphate group, it most likely complexes to the basic peptide residue more strongly. As a result, the covalent oxygen-sulfur bond cleaves, and the SO 3 remains complexed to the ion-pairing reagent during CID. In contrast, the covalent phosphorus-oxygen bond does not cleave during CID. Because of the differences in chemical reactivity, the complexes have different fragmentation patterns when they undergo the same CID conditions. Figure 3c and d show MS/MS data for the two other isobaric species, GlcNAc6P and GlcNAc6S, complexed with K3. These two ion-pair complexes can also be distinguished, based on their MS/MS data. In Figure 3c Peptides were ruled out based on the following criteria: (1) Data are identical for each set of the isobars. (2) The peptide cannot form a complex with at least one carbohydrate, so the complexes are not apparent on spectra. Bolded peptides are good for discriminating the isobars.
water from the carbohydrate was observed, indicating that the interaction between phosphate and basic peptide was weaker than the covalent bonds in the phosphorylated monosaccharide. In addition to the two complementary ions observed in Figure 3c , other product ions appear in the spectrum containing GlcNAc6S and K3 in Figure 3d . These ions include water loss ions (m/z 344, 335, and 284) and the product ion at m/z 222, which corresponds to cleaving the oxygen-sulfur bond in the carbohydrate. Note that this covalent bond cleavage is only observed in the MS/MS data of the sulfated carbohydrates (Figure 3b and d) .
Another interesting observation in the MS/MS data in Figure 3c and d is that only the precursor and the product ions corresponding to the loss of H 2 O (m/z 344 and 335, respectively) are doubly charged. All of the other product ions are singly charged. This fragmentation behavior is different than the MS/MS data of the ion-pair complexes shown in Figure 3a and b. This must be atributable to the type of carbohydrate complexed with the peptide. Hence, in addition to proton affinities, the type of carbohydrate is another important factor that can influence the ions formed in the CID spectra of phosphorylated and sulfated ion-pair complexes.
Singly Charged Complexes with K3
As discussed above, the MS data of the carbohydrate: peptide ion pairs show the formation of ion-pair complexes with different charge states: singly and doubly charge state complexes. MS/MS experiments were performed on the singly charged complexes; the sulfated and phosphorylated monosaccharides can also be distinguished using these CID spectra (Figure 4) . Three important ions were observed in the spectra: the molecular ions (MH provide additional evidence that phosphorylated ion-pair complexes are weaker than the sulfated ion-pair complexes, because the sulfated complexes undergo the covalent cleavage only (loss of H 2 O), while the phosphorylated complexes undergo cleavage of the noncovalent interaction. This method of differentiating the isobars is dependent on the collision energy used. At higher collision energies, the sulfated complexes also undergo ligand dissociation.
Application to Other Phosphorylated and Sulfated Monosaccharides
The ion-pairs with different charge states have different fragmentation characteristics based on the observations discussed above. Doubly charged sulfated Peptides were rule out based on the following criteria: (1) Data are identical for each set of the isobars. (2) The peptide cannot form a complex with at least one carbohydrate, so the complexes are not apparent on spectra. Bolded peptides are good for discriminating the isobars.
compounds produce ions that correspond to cleavage of the oxygen-sulfur bond, resulting in losses of SO 3 in the MS/MS data, while phosphorylated compounds are more likely to undergo ligand dissociation to produce the protonated carbohydrates, instead of covalent bond cleavages. When singly charged ion-pair complexes undergo CID, the dissociation of the noncovalent complex occurs more readily for the phosphorylated compounds. This results in formation of the product ions
ϩ in the CID data of the phosphorylated complexes. To test whether the chemical reactivity trends observed for the four isobaric monosaccharides are conserved when slight changes in the monosaccharides occur, the ion pairing MS/MS experiments were applied to other commercially available phosphorylated and sulfated monosaccharides.
The structures of the monosaccharides shown in Scheme 2 include N-acetyl-glucosamine-1-phosphate (GlcNAc1P), N-acetyl-galactosamine-4-sulfate (GalNAc4S), glucose-3-sulfate (Glc3S), and isomers ␣-glucose-1-phosphate (␣Glc1P) and ␤-glucose-1-phosphate (␤Glc1P). MS/MS data of the doubly charged ion-pair complexes of the sulfated and phosphorylated carbohydrates complexed with K3 are shown in Figure 5 . 
5e, the product ion corresponding to the cleavage of the oxygen-sulfur bond is labeled at m/z 222 which corresponds to [GalNAc4S Ϫ SO 3 ϩ H] ϩ . This ion clearly indicates that the monosaccharide is sulfated and not phosphorylated.
The data for the hexose monosaccharides is also consistent with the trends established for the CID spectra of the isobaric monosaccharides in Figure 3 . Two product ions (m/z 261 and 403) originating from the ligand dissociation are apparent in the spectra of phosphorylated complexes [␣Glc1P ϩ K3 ϩ 2H] 2ϩ , Figure 5a and [␤Glc1P ϩ K3 ϩ 2H] 2ϩ , Figure 5b . The product ion at m/z 242 corresponding to the oxygensulfur bond cleavage appears in Figure 5c . However, these three characteristic product ions that are useful to discriminate the hexoses are not present in abundance. To further verify the different fragmentation characteristics of both phosphorylated and sulfated hexoses: peptide ion-pair complexes upon collisional activation, peptide KYK was introduced in the analysis. Figure 6 shows the MS/MS data of the doubly charged hexoses:peptide ion-pairs. The observed difference between the MS/MS data of the ion-pair complexes in Figure 6a and b, which are model isobaric molecules, are consistent with the trends discussed above. Two complementary product ions at m/z 260.9 and 438.3 are originating from the ligand dissociation in Figure 6a , while an ion corresponding to oxygen-sulfur bond cleavage appears in Figure 6b , along with many other product ions resulting from the covalent bond cleavages. This demonstrates that peptide KYK is useful to distinguish doubly charged hexoses:peptide ion pairs. From the other spectra in Figure 6 , the relative abundance of the ions corresponding to the noncovalent cleavage in phosphorylated complexes (ions at m/z 260.9 and 438.1 in Figure 6c and d) and oxygen-sulfur cleavage in sulfated complexes (ion at m/z 309.4 in Figure 6e ) are enhanced when KYK is used as the ion-pairing reagent, instead of K3. This peptide provides the complementary information to confirm the fragmentation characteristics of hexoses:peptide ion pairs. To summarize, the peptide K3 was useful at distinguishing the monosaccharides, but the important discriminating ions were in low abundance. The identity of each of the monosaccharides could be further supported using another peptide that discriminated the hexoses, KYK.
Aside from the doubly charged ion pairs, the CID data of the singly charged ion pairs are summarized in Table 3 . Upon collisional activation, the singly charged phosphorylated ion-pair complexes dissociate to produce the abundant peptide [K3 ϩ H] ϩ . This ion is useful to distinguish phosphorylated and sulfated complexes. These results are consistent with the MS/MS data for the original four isobaric monosaccharides in Figure 4 . Using the singly charged complexes to differentiate the hexose monosaccharides represents a third successful approach to identifying the chemical composition of these monosaccharides. Clearly, the ion pairing strategy is robust in that it is useful under many conditions, for various types of monosaccharides, various charge states, and various ion-pairing reagents.
These data also demonstrate that the rules developed to describe the dissociation of the isobaric monosaccharides could be applied to any other sulfated or phosphorylated monosaccharide. Since these rules appear to be functional group specific, and not compound specific, it is quite plausible that these principles could be extended to larger oligosaccharides or glycopeptides. Overall, the comparison of the MS/MS data of both abundant ionpairs demonstrates that ion-pairing reagents, K3 and KYK, can be used to effectively distinguish phosphorylated and sulfated compounds in terms of their fragmentation characteristics in the CID spectra.
While differentiating positional isomers is not the subject of this investigation, ion-pairing may also be useful for identifying the location of the phosphate on the monosaccharides. A unique product ion is present in Figures 5 and 6 for the monosaccharides phosphorylated at the anomeric carbon. This product ion corresponds to cleavage of H 3 PO 4 from the monosaccharides. When the phosphate is at the C6 position, a loss of H 2 O is observed instead. A possible explanation for this behavior is that the water loss from Glc6P and GlcNAc6P is coming from the hydroxyl group of C1. Once the hydroxyl group is replaced by the phosphate group, a carbohydrate/phosphate cleavage occurs instead. This hypothesis is also supported by the observation that the complexes produced from Glc1P or GlcNAc1P do not have water loss product ions in their CID spectra.
Potential Application to Biological Samples
Phosphorylation and sulfation of glycoproteins and glycopeptides are involved in a variety of significant biological functions. Differentiation between these species is crucial in the characterization of structure/ function relationship of modified glycoprotein or glycopeptides. As discussed above, the peptides K3 and KYK are effective ion-pairing reagents to distinguish phosphorylated and sulfated carbohydrates. Since KYK cannot readily form complexes with some monosaccharides, K3 is a potential ion-pairing reagent that can be used to distinguish sulfate and phosphate biological systems. In a previous study, K3 has been utilized to complex with mono-and disulfated glycopeptides to enhance the signal in the positive ion mode of ESI-MS and provide structural information about the sulfated glycopeptides [20] . Also, the results presented herein indicate that the phosphorylated carbohydrates can also complex with the ion-pairing reagents in good abundance in ESI-MS. This implies that K3 can potentially be applied to distinguish between phosphorylated and sulfated glycopeptides. A full investigation of the utility of ion-pairing for differentiation analysis of phosphorylated and sulfated glycopeptides is ongoing and will be presented separately.
Conclusions
In this manuscript, all the commercially available sulfated and phosphorylated monosaccharides are differentiated using ion-pairing and MS/MS. Furthermore, this method is robust because it is effective regardless of the charge state of the ion-pair. The fragmentation characteristics in the CID spectra for both abundant ion-pairs were summarized. For doubly charged complexes, sulfated compounds are likely to undergo sulfur-oxygen bond cleavage, while phosphorylated compounds tend to dissociate by disrupting noncovalent interactions. The type of monosaccharide also affects the MS data of the ion pairs, but it does not affect the characteristic product ions that are useful at discriminating between sulfate and phosphate. MS/MS data of singly charged ion pairs also support the hypothesis that phosphorylated ion-pair complexes are weaker than the sulfated ion-pair complexes, because the sulfated complexes undergo covalent cleavage only, while the phosphorylated complexes undergo cleavage of the noncovalent interaction. This is the first example of using ion-pairing on phosphorylated compounds and the first use of ionpairing reagents to discriminate the presence of sulfates and phosphates. Since we have recently demonstrated that the ion-pairing method enhances the mass spectral signal of sulfated glycopeptides that are minor components (Ͻ5%) of glycopeptide mixtures [20] , this is the only method that can simultaneously facilitate the MS detection of acidic species in complex mixtures and discriminate the acidic groups, sulfate, and phosphate. 
